Introduction
One-pot cascade reactions have attracted the interest of organic synthetic chemists in recent years, [1] [2] [3] [4] as they can dramatically simplify complex synthetic pathways, reduce the production wastes and energy consumption. [5] [6] [7] [8] [9] A feasible route for the efficient progression of cascade reactions, is based on the design of new catalysts with spatially isolated multiple active sites, which can promote simultaneously different reactions. To date, a wide variety of catalytic systems have been proposed for cascade reactions, however many of these are based on homogeneous catalysts. 10, 11 In contrast to homogeneous catalysts, their heterogeneous counterparts exhibit significant advantages such as facile recovery and recyclability, least possible contamination of the reaction medium as well as high stability. Although the catalytic efficacy of heterogeneous catalysts such as Au/TiO2, 12 Au-Pd/resin 13 , Pd/MOF 14 and Pt/polymer 15 etc. in cascade reactions has been demonstrated, the incorporation of noble metal centers, the addition of soluble base and use of high temperature regimes are generally required in order to achieve high yields of the target product in a reasonable timescale. Therefore, it is highly demanding as well as challenging for the development of highly efficient noble metal-free heterogeneous catalyst for one-pot cascade reactions without additives (eg.
base) under mild conditions.
Polyoxometalates (POMs) are a large class of discrete metal oxide clusters of early transition metals such as V, Mo and W etc., which have been widely applied in catalytic reactions, 16 such as oxidation of alcohols, [17] [18] [19] epoxidation of alkenes and alkenols, [20] [21] bromination of alkenes [22] [23] and water splitting. [24] [25] [27] [28] [29] [30] Indeed, LDHs possess a number of active basic sites that can efficiently catalyze Knoevenagel condensation reactions. [31] [32] [33] Hence, it is highly desirable the possibility of designing new bi-functional POM-LDHs catalysts which can promote both oxidation and Knoevenagel condensation reactions in the absence of any other additives under mild conditions.
In this work, we report the preparation of a series of bi-functional catalysts of the general formula, Tris-LDH-X4(PW9)2 by intercalating POM anions of
10-(X = Mn, Fe, Co, Ni, Cu and Zn) into a Tris-modified LDH using a facile ion exchange method. Among all the members of this family of catalysts,
Tris-LDH-Zn4(PW9)2 exhibits the highest activity and selectivity in the cascade reaction of oxidation-Knoevenagel condensation between benzyl alcohol and ethyl cyanoacetate to produce benzylidene ethyl cyanoacetate under mild and soluble-basefree conditions. Finally, the heterogeneous catalysts can be easily recovered and reused for at least ten times without obvious deterioration of their structural integrity and activity due to strong host-guest interaction between the LDHs and POM anions. 
Results and discussion
Synthesis and Characterization. Ion exchange of K-X4(H2O)2(PW9O34)2 with Tris-LDH-CO3 under ambient conditions without the necessity of degassing CO2 led to the formation of a new intercalated assembly of Tris-LDH-X4(PW9)2 (Scheme 1). As shown in Figure 1A , the XRD patterns of Tris-LDH-CO3 show the characteristic (003), Figure S1 .
Additional evidence of the complete exchange of the CO3 2-anions can be seen from the 13 C CP/MAS NMR study of Tris and Tris-LDH-CO3 ( Figure 2A ). The spectrum exhibits a strong signal at 171.1 ppm, which can be ascribed to the interlayer CO3 2− anions. 35 It is noted that this signal is absent in the 13 (Table S1 ). The TG analysis plots of K-Zn4(PW9)2 and Tris-LDH-CO3 are shown in Figure S2 for comparison.
BET measurement has been carried out on the Tris-LDH-CO3 and Tris-LDHZn4(PW9)2, in order to obtain more detailed information on the structural features of the as-prepared material. The specific surface area, pore volume, and average pore diameter (estimated from N2 adsorption-desorption isotherms) are reported in Table   S2 . Tris-LDH-CO3 and Tris-LDH-Zn4(PW9)2 display H4 type hysteresis loops ( Figure   4B ), indicating that the pores are produced by the aggregation of slit-shaped microsized pores. EDX studies ( Figure 5D ) conducted on the dark areas identified from the HRTEM images revealed the presence of Mg, Al, Zn, P, W, C and N, which provides further support for the composition of the Tris-LDH-Zn4(PW9)2. (Table 1 ). In addition, Zn2Al-Zn4(PW9)2 possess the lowest basic site density among the three samples. Table 2 .
The cascade reaction proceeds smoothly with 99% conversion and ≥99% selectivity using the Tris-LDH-Zn4(PW9)2 catalyst ( for the same cascade reaction found to be quite sluggish. In order to identify the best solvent medium for the cascade reaction, we investigate the effect of a series of solvents on the catalytic efficacy; the results are summarized in Table 3 . The cascade reaction proceeds efficiently when CH3OH and C2H5OH are used as solvents where the conversion of A1 reaches 93 % and 92 %, respectively (Table 3, entries 1 and 2). When CH3CN is used instead, we observe almost complete conversion of A1 (99 %) and selectivity for the final product, C1 (100 %). In contrast, the catalytic activity and selectivity decrease dramatically when THF, toluene, DMF, DMSO and H2O are used as solvents in the cascade reaction (Table 3 , entries 4-8).
Based on the above screening, we selected CH3CN as the most appropriate solvent medium. The catalytic reaction pathway has been explored by tracing the product distribution change as a function of the reaction time using Tris-LDH-Zn4(PW9)2 as catalyst. Figure   7A shows the evolution with time of the different products obtained when benzyl alcohol and ethyl cyanoacetate were reacted in the presence of the bi-functional catalyst. Initially, the benzaldehyde can be obtained via oxidation of benzyl alcohol by the POM clusters in the presence of H2O2. Simultaneously, in the presence of the basic sites of Tris-modified LDH, ethyl cyanoacetate is activated to give a nucleophile which rapidly condenses with benzaldehyde leading to the formation of the condensation product, benzylidene ethyl cyanoacetate. It should be noted that the yield of benzaldehyde increases initially as a function of the reaction time and then decreases slowly after 1 h due to subsequent conversion to the condensation product (C1), which is a typical behaviour for a tandem reaction. The schematic reaction profile is illustrated in Scheme 2. In an effort to test the general applicability and efficacy of the Tris-LDH-Zn4(PW9)2 heterogeneous catalyst in cascade reactions involving different substrates, we have studied the conversion of a series of substituted benzyl alcohols (A) and active methylene compounds (B); the obtained results are summarized in Table 3 . The data demonstrates that the introduction of electron donor groups at the para position of the benzyl alcohol lead to high yields of the target product (C) ( Table 4 , entries 2-4) after prolonged reaction time; on the other hand, electron withdrawing groups at the para position, exhibit decreased yields for the final condensation product (C) ( Table 4, entries [5] [6] [7] [8] . Specifically in the case of 2,6-difluorobenzyl alcohol, a much lower conversion of A and selectivity for C is observed (Table 4, entry 9), which can be attributed to the net electron withdrawing effect and the increased steric hindrance of the bulky groups in A. When malononitrile is used as the condensation reactant, the whole cascade reaction proceeds fast to completion within 4 hours ( Table 4 , entry 10).
On the contrary, the yields for the final product (C) are moderately to significantly lower in the cases of diethyl malonate and phenylacetonitrile, respectively (Table 4, entries [11] [12] . Malononitrile is the most active methylene compound among the substrates used in this work which is reflected to the observed differences in the yields Most importantly, the heterogeneous catalyst can be successfully recovered upon completion of the cascade reaction by filtration. As shown in Figure 8B , the Tris-LDHZn4(PW9)2 composite used for the promotion of the cascade reaction can be easily recovered by filtration and recycled for at least 10 times without obvious deterioration of its catalytic activity. In addition, the characterization of the recycled catalyst using XRD, FT-IR, 31 P NMR and XPS demonstrated the retention of its structural integrity ( Figure S4 ).
Conclusions
In conclusion, a series of bi-functional catalysts of the general formula Tris-LDH- 
